A method for improving adhesion between polymer films on Si substrates is described involving mechanical interlocking. Isotropic reactive ion etching (RIE) is applied to form pits in the Si substrate which fill upon application of a polymer via spinning. After curing, interpenetrating polymer lobes form a robust bond with the Si substrate. Adhesion improvements over films on smooth substrates are demonstrated qualitatively through prolonged immersion in heated 40% potassium hydroxide (KOH) solution, and quantitatively through peel tests. Strips of SU-8 on smooth substrates separate completely within minutes of immersion in KOH, whereas mechanically interlocked strips remain attached throughout. Tests reveal significant improvements to peel resistance for strips with interpenetrating lobes, due to a combination of crack deflection and physical restraint at the bond interface. Surprisingly, lobes with a vertical profile offer better resistance to strip peeling compared with lobes having significant overhang. Stress concentrations at sharp bends in the latter raise local stresses to levels promoting failure in SU-8, limiting the nominal load-carrying capacity of the interpenetrating interface. For maximum peel resistance, the lobe profile needs to be optimized such that maximum pull-out stresses are close to the failure stress of SU-8.
Introduction
Adhesion between dissimilar materials is crucial to the performance and reliability of a range of MEMS and microelectronic devices. In the former, a number of functional devices are fabricated by bonding dissimilar materials; examples include pressure sensors [1, 2] , inertial sensors [3] and prototype microfluidic devices [4] [5] [6] , amongst others. A comprehensive review is found in [7] . Microelectronic integrated circuits (ICs) make extensive use of polymers for component packaging, specifically in die-to-leadframe attachment and device encapsulation. In such cases, the polymer materials are required to maintain adhesion with a range of substrates including metals (leadframe) and silicon derivatives (die), over the service lifetime. Delamination at polymer/substrate interfaces is a common failure mode in IC packages [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] , and the situation is exacerbated by environmental effects such as temperature and humidity [16] [17] [18] .
Polymers are also used extensively in MEMS for device bonding and sealing [19, 20] . Aside from such requirements, photopatternable polymers such as SU-8 and polyimide are commonly used for their structural attributes in, for example, devices for microfluidics [21] [22] [23] , chemical sensing [24] , optics [25] and RF [26] [27] [28] applications. These structural polymers often have to remain permanently attached to the device substrate throughout the service lifetime. The need for good adhesion is even more stringent when the polymer is used to form contacting [29] or movable [30, 31] parts, partially released from the substrate.
Adhesion between SU-8 and various substrates has been the focus of much research attention over the past decade [32] [33] [34] [35] [36] [37] . The adhesive strength is highly susceptible to process conditions, often leading to inconsistent and unpredictable interface toughness. Solutions to this widespread problem have mainly involved the use of surface treatments or chemical adhesion promoters to improve bond strength [33, 34] . This can be acceptable in situations where SU-8 adherence to the substrate is required during processing for masking or electroforming purposes, however, when it is to remain and function as a structural material, the strength and reliability of the chemical bond is often insufficient to prevent delamination. Here, a method is proposed for improving the adhesion between SU-8 and thermally oxidized Si substrates through the use of isotropically etched pits to generate mechanical interlocking.
Mechanical interlocking has previously been applied in MEMS to improve adhesion between Si and parylene films [38, 39] and to provide an alternative to chemical adhesives in Si die attachment for device-level packaging [40, 41] . In the former, trenches with overhanging sidewalls are dryetched into the Si substrate via deep reactive ion etching (DRIE) to enable mechanical interlocking with the overlying parylene film. Improved resistance to delamination during prolonged exposure to buffered HF combined with sonic agitation qualitatively demonstrates the effectiveness of the method. In [40] , overhanging SiO 2 on isotropically etched Si studs interlock with receptor pits to mechanically fasten separate Si substrates in an adhesive-free process.
In this work, adhesion between Si and SU-8 is augmented through mechanical interlocking and quantified for the first time. Pits with varying sidewall overhang are created via isotropic RIE of Si. SU-8, applied via spin coating, completely fills overhanging pits, resulting in a robust interpenetrating Si/SU-8 interface upon curing (figure 1). Improvements to adhesion due to mechanical interlocking are assessed through prolonged immersion in heated KOH and through peel tests in a desktop tensile tester.
Adhesion and mechanical interlocking

Background
The work of adhesion between bonded materials is an intrinsic property based on the nature of bonding at the interface and the prior level of surface contamination. Mechanisms of adhesive bonding have been classified under six distinct categories [42] : electrostatic, diffusion, adsorption, chemical bonding, mechanical interlocking and theories based on weak boundary layer effects. In a thermodynamic context, the true work of adhesion is defined as the energy required to create free surfaces from the bonded interface between the materials. Mechanical measurements to determine this quantity are not selective, and include additional energy absorbing mechanisms such as plastic deformations in bulk regions of the debonding materials and frictional contact in the wake of the advancing debond. The contribution of energy dissipating mechanisms in measurements of interfacial toughness is dependent on the relative predominance of shear and normal stress components.
Mechanical interlocking
Mechanical interlocking relies on inter-penetration between adhesive and substrate surface irregularities to maintain a bonded interface [43] . In respect of SU-8 and Si, a convenient analogue is to consider the interpenetrating region between the two materials as a composite laminate consisting of straight, unidirectional alternating incursions of each ( figure 2(a) ). The ultimate tensile strength of the laminate region can be estimated using a weighted-average approach through the following expression:
where σ If debonding and pull-out occurs between Si and SU-8 incursions, the maximum tensile strength of the laminate will be lower than that predicted by equation (1) . The toughness of the composite will, however, increase as more energy is 'consumed' during the propagation of a crack through the composite. Further toughening is achieved as portions of the crack front deflect towards the loading direction each time Si/SU-8 interfaces are met. A trade-off is thus set up between strength and toughness, depending on the propensity of the Si/SU-8 interface to debond. When the Si/SU-8 interface debond strength is high, stress can build up ahead of the advancing crack, which can cause failure through the SU-8. A lower debond strength will relieve such stresses through interface separation, increasing the toughness of the laminate region at the expense of load carrying capacity. The latter is significant if the Si features are short with respect to SU-8. By changing the geometry of interpenetrating features to create overhang, simultaneous improvements to both composite strength and toughness can be achieved [46] . In this manner, reduced stresses at interpenetrating interfaces and increased resistance to fibre pull-out can improve strength and toughness, respectively. Overhang profile is another important factor affecting the toughness of the laminate region. When the Si/SU-8 interface is inclined at an angle θ from the vertical (see figure 2(b) ), peel moments, M P , applied through the SU-8 film partially act to close the crack tip, reducing its propensity to propagate. This effect will be more pronounced at higher values of θ, the limit being when SU-8 is unable to completely wet pit sidewalls during application (i.e. as θ → 90 • C).
Method
Fabrication
Thermally oxidized 4 (1 0 0)-oriented Si wafers were patterned to create rectangular arrays of shapes with dimensions as indicated in table 1. Isotropic RIE of exposed Si results in the formation of pits with overhanging sidewalls; further overhang being provided by the residual SiO 2 mask. Pit depths varied as a function of the mask opening dimensions and etch process conditions. Figure 3 shows pits etched in the Si substrate exhibiting compound positive-to-negative taper. Two sets of Si substrates (A and B) were processed to form pits with varying sidewall overhang. Substrates in set A contained pits with marginal or no overhang (i.e. vertical profile), formed using an isotropic recipe (Iso I, table 2) in a PlasmaLab System 80+ RIE (Oxford Instruments, UK). Pits formed in set B substrates showed significant sidewall overhang through combined anisotropic and isotropic (Aniso I and Iso II, respectively) deep reactive ion etching in an inductively coupled etcher (Surface Technology Systems, UK).
Following pit formation, substrates were thermally oxidized and cleaned in a 1:1 mixture of H 2 SO 4 and H 2 O 2 for 15 min. Openings were patterned in the thermal oxide of some substrates to allow formation of clearance cavities for SU-8 cantilevers at a later stage. SU-8 films were spin-coated to a thickness of 15 µm ± 2 µm, with interlocking lobes penetrating a further 5-8 µm beneath the substrate surface. Prior to spinning, newly applied SU-8 was allowed to spread over at least 70% of the wafer surface by simultaneously tilting and rotating. A settling period of 30 s followed to allow time for etched pits to fill completely. A two-stage spin process was employed; the first stage to ensure uniform spreading and pit filling, and the second at higher speed to achieve the desired film thickness. An exposure dose of 1.5 J cm -2 was used to ensure adequate exposure of deeplying regions, and a 12 h relaxation period was incorporated prior to development to relieve cross-linking induced tensile stresses that can exacerbate film cracking.
Adhesion testing
Strips of SU-8 were patterned on smooth and pitted thermally oxidized Si substrates and immersed in a 40% solution of KOH at 80
• C to qualitatively assess the strength of the adhesive bond. Openings in the SiO 2 mask on some substrates allowed cavities to be etched beneath portions of SU-8 strips, leading to the formation of cantilevers. Hydrogen bubble formation during Si etching generated peel moments, increasing the likelihood of complete separation from the substrate compared with strips overlying continuous regions of SiO 2 .
Cantilevered strips of SU-8 released through DRIE of underlying Si were peel tested in a desktop tensile tester (Hounsfield, UK) to obtain quantitative data on the effect of mechanical interlocking. The DRIE process consisted of two stages: namely, (i) isotropic etching for lateral etching of underlying Si (Iso III, table 2) and (ii) anisotropic etching to etch through the residual thickness of the substrate (Aniso II). Individual cantilever tips were then glued to the ends of 'L'-shaped pipettes with cyanoacrylate adhesive and in turn attached to the loading grip of the tensile tester via an adaptor (figure 4). The load cell on the tensile tester had load and displacement resolutions of 0.0075 N and 1 µm, respectively, and strips were strained at a constant rate of 100 µm min -1 in all tests.
Results and discussion
KOH immersion
SU-8 strips overlying smooth, thermally oxidized Si substrates peeled completely within minutes of immersion in KOH, whilst those overlying pitted substrates remained attached to the point prior to destruction of interlocking through etching of SiO 2 and underlying Si. Figure 5 shows cross-sections through a mechanically interlocked Si/SU-8 interface before and after immersion in KOH for 5 h. The SiO 2 layer appears to have been completely etched following immersion, indicating early ingression of KOH along the SiO 2 /SU-8 interface. Despite this, however, complete separation of the SU-8 strip from the Si substrate is prevented due to physical restraint between overhanging lobes. Although slight, the overhang is sufficient to retain the SU-8 layer on the substrate.
Continued immersion in KOH for periods beyond that necessary to etch the SiO 2 mask layer will lead to etching of underlying Si features and complete separation of SU-8. The use of an alternative masking layer, such as silicon nitride (Si 3 N 4 ), will extend the protection of interpenetrating lobes for sufficient time to allow through-thickness etching of 500 µm thick Si wafers. Provided the lateral overlap between interpenetrating lobes is sufficient to resist peel moments, the ability of locking features to retain SU-8 layers in KOH is then solely dependent on the etch rate of the masking layer used. Strips overlying clearance cavity openings in the SiO 2 mask are subjected to greater peeling moments due to the motion of H 2 bubbles during Si etching. Cantilevers containing lobes with insufficient overhang were unable to resist peeling and separated completely from the substrate. Early debonding at the SU-8/SiO 2 interface due to chemical attack in KOH eliminates the contribution of lobe pull-out on interface adhesion. As a consequence, strip retention is solely dependent on the degree of lobe overhang. Figure 6 (a) shows a set of four retained SU-8 cantilevers overlying a cavity formed through KOH etching for 2.5 h. Interpenetrating lobes on surviving strips were confirmed to possess enhanced overhang, providing greater resistance to strip separation ( figure 6(b) ). Alleviation of stresses at sharp bends is likely following debonding at the SU-8/SiO 2 interface.
Mechanical tests
Sliding point loads were applied to cantilevered strips of SU-8 using the stylus of a DEKTAK surface profiler (Veeco, USA) to obtain force-deflection data (figure 7).
Applied loads were calibrated through the use of micromachined Si cantilevers of known stiffness, and an estimate for Young's modulus of SU-8 was calculated using Bernoulli-Euler beam theory [47] as follows:
where P is the applied load, L is the cantilever length, δ is the tip deflection, b is the beam width and d is the beam thickness. Measurements on a series of adjacent cantilevers reveal an average Young's modulus of 3.7 GPa, with no observable plastic behaviour. These findings are consistent with earlier work on the mechanical characterization of SU-8 [48] . Reproducible load-extension data were obtained through a series of right-angle peel tests on SU-8 cantilevers. Figure 8 (a) compares peel characteristics for two strips of similar dimensions; one on a smooth substrate, the other on a pitted substrate. Pits in the latter have almost vertical sidewall profile. Despite the lack of lateral overhang, however, peel load on the overlying strip increases steadily to a maximum of 56 mN, compared with only 7.5 mN for the strip on the smooth surface. This represents an increase in peel resistance by a factor of approximately 7.5. The lack of significant overhang on interpenetrating lobes indicates the major sources of peel resistance arise from mechanisms such as crack deflection and lobe pull-out. The former occurs as portions of the crack front are redirected towards the loading direction at consecutive interpenetrating interfaces. The combined toughening mechanism leads to a reduction in peel moment arm through an increase in peel front angle ( figure 8(b) ). As the moment arm is reduced (i.e. L θ 1 → L θ 2 ), higher forces are required to propagate the crack (P θ 2 > P θ 1 ). Figure 9 compares ultimate peel load measurements from strips on substrate sets A and B. Grey bars indicate data from strips that fractured prior to full-length peeling. The predominance of such data for strips peeled from set B substrates is the main reason for the lower average maximum peel load observed in figure 9 (b). Despite this, however, comparison of data from fully-peeled strips (black bars) reveals a clear trend towards lower maximum peel load when lobes have overhanging profile. This is considered to be as a direct consequence of raised stress levels at sharp bends, which limit the nominal load-bearing capacity of SU-8 lobes by promoting premature fracture over pull-out. Fractured lobes on the underside of a peeled strip are shown in figure 10(a) ; intact lobes remain on the free section (i.e. the portion of the strip overlying the substrate clearance cavity). Stress concentrations do arise in vertical lobes, however, these are significantly lower than those on lobes with pronounced overhang. Consequently, stresses in vertical and marginally tapered lobes can be mitigated through pull-out, prior to the attainment of SU-8 failure stress ( figure 10(b) ). Interface strength and toughness is thus fundamentally a function of lateral overhang and bend radius at root sections connecting with the overlying strip.
Lobe root stress concentration factors, K t , can be conveniently approximated by modelling individual lobes as axially loaded, shoulder filleted, circular shafts. The following empirical relationship [47] can thus be applied:
where K t is the stress concentration factor, D is the width of the penetrating section, h is the lateral overlap (shoulder depth), r is the bend radius ( figure 11 ) and coefficients of the form C n are empirical constants that vary as a function of the ratio h r . Lobes of the form shown in figure 11 , with D = 25 µm, h = 2.5 µm, r = 1.25 µm are calculated to have a root K t of approximately 2.1. Similar stress concentrations are expected in overhanging lobes on all strips peeled from substrate set B due to similar mask opening dimensions and process conditions during pit formation.
The higher occurrence of film fracture in strips with overhanging lobe profile could be due to linkage between cracks initiated at lobe roots and pre-existing embedded flaws. Such linkage could cause the cumulative crack to redirect itself through the thickness of the strip. Another interesting result gathered from peel tests concerns the rate of peel loading between strips with varying lobe profile. The rate of increase in peel load with vertical displacement is found to be higher in strips containing vertical lobes (figure 12), implying fracture across the roots of overhanging lobes effectively increases the compliance of the interface. Despite the inevitable stress concentrations that arise when lobes have overhanging profile, greater resistance to peeling over strips with vertical lobes can be achieved through appropriate profile optimization. Overhang is beneficial to provide resistance to pull-out, leading to higher interface strength with a potentially simultaneous rise in interface toughness. To achieve the best compromise between these parameters, careful selection of the ratio h r is required to ensure pull-out is prolonged only to a point preceding the attainment of SU-8 failure stress.
Conclusions
A reliable means of improving adhesion between spin-on polymers and Si/SiO 2 substrates is demonstrated involving micromechanical interlocking at the bond interface. Provided sufficient overhang exists between interpenetrating lobes, retention of interlocked SU-8 in KOH is limited only by the etch rate of the masking material on the Si substrate. Early debonding at the bond line due to chemical attack in KOH eliminates contributions to strip adhesion arising from lobe pull-out. Peel tests comparing strips on pitted and smooth substrates reveal significant increases in both the maximum peel load and interface toughness. Contrary to expectations, lower peel resistance and higher interface compliance is found in strips with more pronounced lobe overhang. It is inferred that stress concentrations and physical restraint in such lobes favour premature failure of SU-8 over pull-out. In the case of vertical lobes, stresses developed during peeling are mitigated through progressive pull-out from the substrate. Improved resistance to peeling can be achieved by optimizing lobe profile to ensure that maximum pull-out stresses coincide with the ultimate tensile strength of SU-8. The technique described is attractive for applications in MEMS and microelectronics to augment adhesion between polymer layers and Si substrates.
